Transport of nitrogen (N) and phosphorus (P) in various forms to water resources can cause water quality concerns relative to drinking water and aquatic life that has to live in those waters receiving agricultural drainage. Of particular concern is the fate of nutrients applied as fertilizer and/or animal manures, and their potential transport with runoff water, eroded soil/sediment, and leaching water. In order to reduce or control nutrient transport/losses, an understanding of the factors that affect losses (chemical, hydrologic, and management) is needed. An ongoing monitoring study of the Upper Maquoketa River in northeast Iowa is providing watershed-scale information on nutrient fate and transport and is the basis for this paper.
Background
The forms ofN that cause water quality concerns are nitrate-nitrogen (N0 3 -N), ammoniumnitrogen (NH4-N), and organic-N. N03-N (a negative ion, not adsorbed to soil, and very water soluble) is transported with surface runoff and leaching waters, and is a concern primarily for drinking water (the standard is 10 mg N03-N/L), and for promotion ofhypoxia in the Gulf of Mexico. N03-N is the form taken up by crops that supplies most of theN needed. N~-N (a positive ion, somewhat adsorbed to soil, and when in solution existing in equilibrium with ammonia, NH3) is transported primarily with runoff water and sediment, and is a concern because ofNH3 toxicity to fish (2 mg/L ofN~-N in water can cause fish kills). Organic-N (mostly neutral, not very soluble, high-carbon compounds) is transported mostly with sediment and is a concern when it is transformed to N~-N, with some N~-N in tum transformed to N03-N.
The forms of P that cause water quality concerns are soluble inorganic P (often referred to as phosphate-phosphorus, P04-P), insoluble inorganic P, and organic P. Soluble P04-P (a negative ion, but forming somewhat insoluble compounds with positive ions in the soil such as calcium, magnesium, iron, and aluminum) is transported primarily with surface runoff water as opposed to leaching water, and is a concern for promotion of the growth of aquatic plants/algae and causing eutrophication (with concentrations as low as 0.05 mg/L being a problem). In general, P is more of a concern for euthropication in freshwaters with N a bigger concern for marine waters (e.g., hypoxia in the Gulf of Mexico). Insoluble inorganic P (mostly metal precipitates) is transported with sediment, and is a concern when it is transformed to soluble inorganic P (however in the soil, this transformation is a benefit in providing P to plants, and the potential of this process is measured as plant available P). Organic P (mostly neutral, not very soluble, highcarbon compounds) is transported mostly with sediment and is a concern when transformed to P04-P.
The factors that affect nutrient transport fit into three primary categories: chemical, hydrologic, and management. As already discussed, chemical solubility properties and the degree of soil interaction/adsorption determine, to a large degree, which of the three carriers (surface runoff water, sediment, and leaching water) dominate transport. Hydrologic factors of infiltration rate and route of water movement through the soil affect the split between what portion of water runs off versus what soaks in, and how it moves through the soil, possibly picking up nutrients enroute. Management factors such as the rate, method, and timing of nutrient applications, as well as tillage and cropping, affect concentrations and losses.
Upper Maquoketa River Watershed Monitoring
In order to develop further understanding of the influences of row-crop and animal agriculture on the quality of surface runoff and subsurface drainage, and to provide data for water quality modeling, a monitoring program has been started in the Upper Maquoketa River watershed in northeast Iowa. At one river and three intrabasin sites, measurements of flow and N, P, chemical oxygen demand (COD), and suspended sediment concentrations are being performed. The site for flow measurement/sampling on the river (designated 4; see Figure 1 ) is just above Backbone State Park, with a drainage area of39,260 ac (in 1998,40.3% com, 27 .2% soybeans, 11.2% oats/hay/alfalfa, 10.5% pasture, and 8.8% forest). The three intrabasin sites range from 575 ac (designated 2; 81.7% com, 12.5% soybeans, and 5.4% pasture) to 3,250 ac (designated 3; 57.4% com, 26.0% soybeans, 13.2% oats/hay/alfalfa, and 1.8% pasture) to 4280 ac (designated 1; 44.0% com, 40.0% soybeans 10.1% oats/hay/alfalfa, and 4.2% pasture).
Flow measurements at these four sites are made using a rating curve and stage data being collected once every 5 min. The flow meter at each site is connected to an automatic sampler being operated in the timed-mode. The flow meters are reset, at least once a week, to initiate the samplers should the depth of flow in the channel increase by 3 in. The samplers are set up to take an initial sample (750 mL in a 1-L plastic bottle) and then three more at 30-min intervals; then four more at 1-h intervals, and then the last sixteen at 2-h intervals, for a total of 24 samples. Total-catch rain gauges have been installed at sites 2 and 3; and in addition, tipping-bucket rain gauges also installed at those two sites are being used to record the amount of rain every 5 min.
Samples are collected during "base-flow" periods between surface runoff events on an everyother or every-third day basis by hand grab-sampling. These samples are analyzed for soluble constituents. Samples taken during rainfall-runoff events, and which contain suspended solids, are filtered before analyses of the same constituents. In addition, if there is a significant amount of sediment in the sample(s), the total unfiltered sample is also analyzed for kjeldahl-N and total-P. Using the analytical data for filtered and unfiltered samples, and the determination of the suspended sediment concentration, the concentrations ofN and P associated with the sediment in a sample can be calculated.
Mean concentration data from consecutive samples are c' ombined with the flow data over the time period between sampling to calculate loss for the interval. Incremental losses are then summed over all the intervals to calculate total loss.
Results And Discussion
As shown in the schematic in Figure 2 , stream flow in the Upper Maquoketa River at any point in time will be made up of base flow and/or artificial subsurface drainage and possibly surface runoff, depending on recent precipitation events. The temporal variation in the quality of stream flow will be dependent on the changes in the proportions of stream flow made up by the surface runoff and subsurface drainage components, and the water quality of those components as affected by the chemical contents of the surface "mixing-zone" and the soil profile as a whole.
As discussed earlier, N03-N, because it is very soluble and not adsorbed to soil, moves readily with water. Therefore, on the well-structured soils in the basin, unless the soil is already very wet, compacted, or affected by some other condition that limits infiltration, a significant amount of rainwater will infiltrate (also depending on rainfall intensity) before runoff begins, and carry or "flush" much ofthe N03-N at or near the surface out ofthe surface-mixing-zone. As a result, the concentrations ofNOyN in surface runoff are usually much lower than in leaching/subsurface drainage water. The impact of this on stream water quality is evident in the site 4 N03-N concentration and flow monitoring data shown in Figure 3 for the June 13, 2000 rainfall-runoff event. The N03-N concentrations in the days prior to the event were over 10 mg/L, but with peak flow, N03-N concentrations in stream flow were somewhat depressed. As the water from the surface runoff event passed the gauging station, N03-N concentrations increased to a maximum value, which likely corresponded to maximum shallow subsurface drainage. As the flow rate decreased and deeper base flow became a relatively higher proportion of stream flow (relative to shallow subsurface drainage), N03-N concentrations also tended to decrease. NH4-N, because it is a positive ion and can be adsorbed by negatively charged clay surfaces, does not move readily in solution with water. As a result, N~-N concentrations in surface runoff are usually higher than in leaching/subsurface drainage water. The impact of this on stream water quality is evident in site 4 N~-N monitoring data shown in Figure 4 (again with the same format as Figure 3) . N~-N concentrations before and after the surface runoff event were less than 0.03 mg/L, but peaked at about 0.10 mg/L at the time of peak flow. One interesting aspect of the NH4-N concentration data is that N~-N concentrations in Iowa rainwater are usually> 0.50 mg/L (Johnson and Baker, 1982 and 1984) ; hence adsorjJtion ofN~-N to surface soils must be occurring if concentrations in surface runoff are lower than in precipitation. For this and other events, N~-N concentrations were below levels believed toxic to f}sh. P04-P, because it is not very soluble in the presence of some metal ions, and can be precipitated and/or adsorbed from solution, does not move readily with water. Therefore, unlike N03-N, the rainwater infiltrating and moving through the surface-mixing-zone before runoffbegins does not "flush" much of the P04-P to a lower depth where it would be unavailable to runoff. Instead P04-p is somewhat "trapped" on the soil surface, and although the low solubility/adsorption that limits downward movement also limits release to overland flow, there is a slow "bleeding off' ofP04-P to water in surface runoff. Because the subsoils in the watershed are not high in P, P04-P in water percolating through the soil profile can be removed to some degree. As a result, the P04-P concentrations in surface runoff are usually much higher than in leaching/subsurface drainage water. The impact of this on stream water quality is evident in the site 4 P04-P monitoring data shown in Figure 5 (with the same time interval and flow data shown in Figure 3 ). P0 4 -P concentrations before and after the surface runoff event were less than 0.10 mg/L, but peaked at 0.200 mg/L at the time of peak stream flow, which would correspond to peak surface runoff.
Soil erosion is a process of sediment detachment and transport. Because of the "filtering" effect of soil on water moving through the soil profile that has detached sediment at the soil surface, little if any sediment is lost with subsurface drainage. However, the transport capacity for sediment in overland flow can be substantial, depending on its velocity. Therefore, sediment (and the nutrients associated with sediment), like P04-P and NH4-N, is predominately transported by surface runoff.
Data for 1999 rainfall, flow, and sediment and nutrient losses for the four sites are given in Table 1 (preliminary data for the first five months of 2000 for the whole watershed, site 4, are also included for comparison). Rainfall was about average for 1999, although the timing and soil moisture conditions resulted in more drainage than average (average stream flows for northeast Iowa are about 9 in; the long-term average for the Maquoketa River near Maquoketa is 9.23 in). As shown, N03-N dominated nutrient losses with 32.7lb/ac lost from the watershed as a whole (site 4; the average N03-N concentration was 10.3 mg/L). N~-N loss from the watershed was 0.2 lb/ac (average concentration of0.06 mg/L), and soluble total N loss (which includes N03-N, N~ N, and soluble organic N) was 34.3 lb/ac (hence by subtraction, soluble organic N loss was 1.4 lb/ac). The average N concentration in sediment was 2358 ppm, so the amount ofN lost with 502 lb/ac of sediment was 1.2 lb/ac. P04-P loss from the watershed was 0.31lb/ac (average concentration of0.095 mg/L); soluble total P loss (which includes P04-P and soluble organic P) was 0.53 lb/ac (average concentration of 0.167 mg/1). The average P concentration in sediment was 576 ppm, so the amount ofP lost with 502 lb/ac of sediment was 0.29 lb/ac. Table 2 presents an estimated partial nutrient mass balance for the inputs and outputs for the whole watershed for 1999. Survey data taken showed that N fertilizer application rates on continuous com averaged 158 lb/ac, while on com following soybeans it averaged 128 lb/ac. The amount of manure N generated was 671 tons; if there was a 50% loss in storage and handling and theN was only applied to the 16,200 ac of com grown, that would increase theN rates by 41 lb/ac. With about 0.8 mg/L each ofN03-N and N~-N in precipitation, that adds about 12 lb/ac with 32 in. Assuming crop removal equals N fixation for alfalfa and soybeans, and that com removes 0.9lb Nlbu harvested, the net crop removal (over N fixation) is 1152 tons . N loss in the Upper Maquoketa River in 1999 was estimated at 697 tons. Although the partial mass balance shows the potential of a 200 ton (about 10 lb/ac) increase inN in the watershed, the processes of denitrification and NH 3 volatilization during manure storage and handling (neither estimated here), could "erase" that increase.
For P, survey data and additional communications showed that P fertilizer applications are about equal to crop removal, with an additional 179 tons of manure P available to be land applied (this would average 12 lb/ac as P, or 27 lb/ac P20s, over the 30,100 ac of com, soybeans, and alfalfa). With a loss of 16 tons with stream flow, and no other major loss mechanisms, it is estimated there would be an annual net increase of 108 tons with stream flow ofP in the watershed (amounting to 5.4lb/ac).
Summary/Conclusions
N losses are being dominated by N03-N losses, with those losses mostly taking place as leaching losses in a watershed with significant subsurface drainage. The average N concentration in the Upper Maquoketa River in 1999 (1 0.3 mg/L as N03-N, or 11.2 mg/L if all forms ofN are considered) was well above the 1.5 mg/L standard recently proposed by the U.S. EPA for flowing waters in this region. At $0.20/lb ofN, the 35 lb/ac N loss for the watershed in 1999 represents $275,000 (or $7/ac). If corn is to continue to be the dominant crop, "fine-tuning" the rate ofN application, including giving credit for manure applied, is one of the first considerations in reducing N losses. Intrabasin site #3 had the most manure applied, without much credit taken, and had the highest N (and P) losses. There is also potential for a new N fertilizer application method to reduce N03-N leaching by disrupting macropores and compacting and doming the soil over the line-source of knifed-in fertilizer, to reduce the volume of water moving down through the fertilizer application zone. If improved in-field practices are not adequate to meet water quality goals, then to reduce field-to-steam transport ofN03-N, an off-site practice of constructing/reconstructing wetlands may be necessary. Wetlands have considerable potential to remove N03-N from water through the process of denitrification. P losses are affected by source and transport factors, so losses may be dominated by the soluble portion in surface runoffwater if soil-test levels are high, or by the portion transported with sediment if soil losses are high. The average P concentration in solution in the Upper Maquoketa River was 0.167 mg/L, and including P loss with sediment it was 0.259 mg/L. Both of these values are well above the 0.100 mg/L standard recently proposed by the U.S. EPA for flowing waters in this region. Work is under way to develop and implement a P index as a method of risk assessment relative to P losses from a field to a stream, which in turn can be used to make management decisions not only on P rate and method of applications, but also on cropping, tillage, and other soil conservation practices (e.g., buffer strips). 
